Electromagnetic acoustic transducers (EMATs) have been used to measure the properties of Rayleigh waves in the vicinity of defects propagating at different angles to the sample surface, which are more representative of real defects than slots machined normal to the surface. Transmission measurements show that one must consider the angle of the defect when choosing a depth calibration curve. We propose a procedure for crack characterisation (depth, angle) that considers transmission alongside measurements of both the in-plane and out-of-plane velocity components of the Rayleigh wave in the near-field of a defect, where the signal is enhanced due to constructive interference of incident and reflected wavemodes, and/or mode conversion.
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Introduction
The presence of surface breaking crack in metals, such as rolling contact fatigue (RCF) and stress corrosion cracking (SCC), is known to pose many risks to the environment in which it is present [1, 2] . It is essential that there is a fast and reliable method to quantify the severity of the cracks. Ultrasonic testing (UT) is one of the non-destructive testing (NDT) techniques suitable for this purpose. Current UT techniques used for RCF consist of a wheel probe containing a piezoelectric transducer, generating bulk waves and measuring reflections from surface defects [3] . This, however, is slow and can underestimate the depth of serious defects when they fall in the shadow of a shallow defect [3] . Recent work has considered instead a measurement of the transmission of broadband Rayleigh waves, with transmission decreasing as the defect depth increases [4] . The technique has several potential advantages over conventional UT methods, including the potential for higher speed testing, and the deepest defect within a cluster dominating the transmission.
Calibration of techniques is typically done using either flat bottomed or side drilled holes, or slots machined normal to the sample surface. However, this does not always replicate real defects. For instance, in rail inspection the geometry of the defect can give information about the severity and the remedial action required; inclined cracks may indicate RCF cracking, which typically grows at about 25
• to the rail surface [2] .
Interaction of Rayleigh waves and surface defects
The interaction of Rayleigh waves with surface cracks has been studied by several authors [4] [5] [6] [7] . Rayleigh waves have various properties which make them suitable for characterising surface cracking; attenuation of the wave is generally small when compared to propagation of bulk waves within a material, and most of the wave energy is confined within a wavelength from the sample surface [5] .
For slots which are machined normal (i.e. at 90
• ) to the sample surface, Viktorov relates the period of the oscillating pattern observed in the calculated reflection coefficients, R, and transmission coefficients, T , with the crack depth [5] , while Mandelsohn investigated the scattering of surface waves by a surface-breaking crack in a two dimensional geometry, showing an oscillating pattern in both the in-plane and out-of-plane components of R [6] .
The transmission of Rayleigh waves in the region of 90
• defects has been studied by several authors, showing a drop in transmitted signal amplitude as the crack depth increases [4] . For broadband waves, such as those generated by the EMATs here, a measure of the transmitted frequency content can also give a measure of the crack depth [4, 7] .
Recently, a number of authors have investigated the enhancement of Rayleigh waves at a very close proximity to a 90
• surface crack [8] [9] [10] [11] , which can be used as an indication of the crack position. For 90
• defects, this increase in signal amplitude can be attributed to constructive interference between the incident Rayleigh wave and the reflected Rayleigh and modeconverted surface skimming longitudinal wave [10, 11] . These measurements show a larger enhancement in the in-plane motion than the out-of-plane motion, due to the contribution of the longitudinal mode being primarily in-plane.
However, whilst these machined slots are a good initial approximation of surface defects, they do not necessarily give a full picture of the transmission and enhancement in the region of realistic defects. Firstly, the signal enhancement measured may depend on crack roughness and geometry [8] . Secondly, and perhaps more importantly, the reflection coefficient varies with angle [5] , and it has been shown for laser generation and detection [12] and for narrowband contact UT measurements [13] of surface waves that the angle of the defect to the surface affects the transmission. Hence it is important to measure the angle of a surface-breaking defect, and use this to choose a correct depth calibration. The time delay of a Rayleigh wave passing underneath a crack is one possible measure of the crack inclination [12, 14] .
Numerous UT methods have been developed for NDT, adopting the conventional contact (e.g. piezoelectric) transducer approach, using non-contact transducers, or a combination of both [7, 13, 15, 16] . In the contact approach, contact with the sample under test and the use of couplant is required. With non-contact transducers the transducer can be placed at a standoff from the sample [17] . However, piezoelectric transducers are more efficient than EMATs, and the decision to use one approach over the other should be justified by the specific needs [17] .
A measurement system using electromagnetic acoustic transducers (EMATs)
is reported here for full characterisation of surface cracks in electrically conducting materials. The system measures transmission of surface ultrasonic waves, detecting the in-plane and out-of-plane velocity components sepa-rately as the wave propagates in the vicinity of a surface crack. In section 2 the EMATs and experimental set-up are described. In section 3.1 we give transmission calibrations for a range of defect angles. Finally, in section 3.2
we first consider initial classification of the defect using qualitative analysis of B-scan images produced during scans of a sample, and then consider the ratio of the in-plane and out-of-plane components of the signal enhancement in the near field, and how these can be used to gauge the defect angle.
Experimental details
The behaviour of the Rayleigh wave in the near-field and far-field of a surface-breaking defect have been investigated both experimentally and using a finite element method (FEM) model, in order to design a system capable of characterising both the depth and angle of a defect relative to the surface. The generation mechanism of an EMAT may be via the Lorentz force, magnetization-force, and/or magnetostriction, depending on the sample properties [17] [18] [19] . The samples used in these experiments are aluminium, with the top 3 mm of aluminium removed [20] . 
Scanned EMAT System
which in turn generates ultrasonic waves within the sample [17] .
For detection, the directional sensitivity is determined by the magnetic field and coil design arrangement [19] . In all experiments the transmitter and receiver EMATs are held 150 mm apart in a "pitch-catch" arrangement, as illustrated in Figure 2 . The liftoff is fixed at 100 µm, giving a good signal to noise ratio [21] . During a scan, negative distance indicates that the receiver and transmitted are on the same side of the slot.
Finite Element Method model
Rayleigh wave interactions are modelled using PZFlex, a FEM program, which allows extension to a wider range of depths and angles than is available experimentally [11, 22] . 
Velocity components of the Rayleigh wave
EMATs are velocity sensors [19] . The particle velocities for a Rayleigh wave in the in-plane, V x , and out-of-plane, V z , components can be calculated from the displacements (U x and U z ) given in Viktorov [5] as follows;
where k R , k l and k t are the wave numbers of Rayleigh, longitudinal and shear
A is a constant and x and z are the in-plane (x axis) and out-of-plane (z axis) positions. 
Experiment and FEM results
The analysis of each scan is divided into measurements in the far-field and near-field regions of angled defects. Measurements of the transmission are made in the far-field, where both EMATs are at least 5 wavelengths from the slot (with the wavelength taken as the central wavelength, 12.6 mm).
At this distance the Rayleigh wave has stabilised following interaction with the slot and the transmission coefficient can reliably be measured. Near-field measurements are made when the receiver is very close to the slot, and signal enhancement is observed [9, 10] . A slot on the surface will act like a low-pass filter to the incident Rayleigh wave, where the cut-off frequency is related to the slot's normalised depth [4] .
Far-field measurements
For a broadband Rayleigh wave, the depth of a slot can then be gauged from changes in the amplitude and frequency content by comparing a reference signal, measured on a section of a sample clear of defects, to the signal transmitted through a defective region ( Figure 5 ). Here, we analyse changes in the time-domain signals by measuring the peak-peak amplitude of the incident (A i ) and transmitted (A t ) Rayleigh waves and calculating the transmission coefficient, C T ,
This contains a contribution from all the frequencies present, and is calculated for the in-plane and out-of-plane components. Clearly, θ is affecting the transmission measurement. We observe differences between the calibration curves produced for 90
• and angled slots in both the experiment and models. This could lead to significant errors if the wrong calibration curve is applied; for example, if a 45
• slot was characterised using the 90
• curve and the measured C T was 0. The variation of C T with crack angle for 3 mm deep slots is shown in Figure 7 . This is approximately symmetric about 90 • , with angles greater than 90
• measured by scanning the corresponding acute angle in the opposite direction. For angles of less than 45
• the variation in C T is minimal. 
Near-field measurements
The transmission coefficient measurements show that a method is required to identify the orientation of a defect in order to apply the correct calibration. For initial classification of a defect into 'inclined' / 'close-to-90
we use image analysis of scan results. The incident Rayleigh wave arrives at about 52µs. There is a clear difference in the near-field between the scans. Firstly, we can consider the changes in arrival time of a Rayleigh wave transmitted underneath a defect. These have been calculated for incident, reflected and transmitted Rayleigh waves, plus mode-converted bulk wavemodes, in [11, 12, 14] , for normal and angled defects. For the 157.5
• defect (Figure 8 (c)) a significant delay in the Rayleigh wave arrival time is seen in the near-field following transmission. This delay time is governed by the defect length and inclination, and could be used for defect characterisation [23] .
The enhancement pattern observed for each angle is also strikingly different, and can be used to position and characterise the defect. For a 90
• slot this enhancement pattern is well understood; in Figure 8 Image analysis of these B-scans gives some information about the defect.
Firstly, the position of the slot can be determined from the enhancement.
Secondly, a distinction between near-90
• slots and inclined slots can be made.
Finally, the orientation of the slot tip, i.e. whether it is facing (acute angle) or opposing (obtuse angle) the direction of travel of the incident Rayleigh wave can be determined. An image classification program using machine learning has been developed to extract this information from a B-scan, with initial results giving a 100% accuracy in identification for a small data set [24] . as a function of scan distance, as shown in Figure 9 for 3 mm deep slots. A new parameter, the enhancement factor F E , is introduced as the measure of the enhancement, by normalising the enhanced amplitude, A E , at the peak by the reference amplitude A i ;
F E is calculated for both the in-plane and out-of-plane measurements, which have different angle-dependent behaviour, as shown in Figure 9 . In Figure 10 the value of F E for both slots increases rapidly as the depth increases from zero, and for the 90
• slots settles at a depth of around 5 mm.
For the central wavelength of 12.6 mm, this corresponds to d/λ = 0.40.
This implies that, for the 90
• slots, the interaction occurs primarily within a fraction of a wavelength of the surface. F E for both components is plotted as a function of θ for 3 mm deep slots in Figure 11 , showing the expected larger in-plane enhancement at 90
• [10] .
For angles < 15
• , difficulties in producing reliable samples and models with high enough node densities precludes an extension of the discussion to less than 15
• . Both components increase to a maximum below 90
• before decreasing to a value of 1 at large θ values, where the Rayleigh wave is relatively undisturbed by the presence of the defect. However, for real defects the exact enhancement will depend on the reflectivity, and a smaller overall enhancement may be observed due to the finite size of the detection EMAT. In this case it can be beneficial to study the ratio of the in-plane (F E(IP ) ) to the out-of-plane (F E(OP ) ) enhancements, F ER , as both are affected by the crack characteristics;
This ratio was calculated and plotted as a function of θ for slots of vertical depth 3 mm and 5 mm for both model and experiment, shown in Figure 12 .
A dashed line is given as a guide to the eye, but is not intended to be an accurate fit. The plot shows that the F ER values are less than 1 in the small angle region (15 • -35 • ) and increase gradually above 1 for angles greater than 45
• ; the out-of-plane component is found to be more dominant than the inplane in the small angle region, while the opposite is true outside this range. In order to understand this behavior, one can first consider the behaviour of Rayleigh waves incident on a wedge [25, 26] . Within the wedge the local thickness varies depending on the position relative to the tip. As the Rayleigh wave here interacts with an angled defect, some of the wave will be transmitted underneath the slot, while the rest will be trapped within the wedge formed by the defect. Considering the change of the frequency-thickness, from the full bar thickness to the local thickness within the angled defect, one would expect to see conversion to a Lamb-like wave, with the fundamental Lamb wave modes (S0 and A0) of interest in this frequency-thickness range. The velocities of these modes depend on the frequency-thickness product [27] , with the A0 mode arriving approximately within the time window set to measure the Rayleigh wave peak-peak amplitude [25] . Evidence of mode conversion from a Rayleigh wave to an A0-like mode is
given by the spectrogram in Figure 13 , for the A-scan recorded by the outof-plane EMAT very close to the opening of the 15 • , 5 mm deep slot, with the calculated arrival times of the S0 and A0 modes shown as lines [25, 27] .
At low frequencies the out-of-plane signal is dominated by a mode arriving close to the expected arrival time of an A0 mode, and some dispersion is clear. For the small frequency-thickness product close to the defect tip one would expect to see a significant out-of-plane component in the A0 mode, whereas the in-plane component would be smaller [27] . At the tip the A0-like mode will be reflected, with interference plus the relative magnitudes of Rayleigh compared to Lamb waves giving the larger out-of-plane signal enhancement. As the angle of the crack increases we return to the bulk-wave picture close to 90 • , with enhancement again mainly due to interference of incident and reflected Rayleigh waves with the mode-converted surface skimming longitudinal mode, with the in-plane enhancement dominating.
Comparing measured values of F ER to the calibration in Figure 12 will
give an approximate value of θ to within about 10
• . The estimate is sufficient to give the correct depth calibration curve to use for a depth measurement.
Procedure for characterising surface cracks
In this section we describe a procedure ( Figure 14 ) which has been developed to use the far-field and near-field measurements to characterise surface cracks, finding their vertical depth, orientation of the crack (i.e. whether the crack tip is facing the incoming Rayleigh wave or opposing it), and a rough estimate of the crack angle to the surface. The scan of the sample, which can either be done separately for the in-plane and out-of-plane measurements, or by using a trolley holding two receiver EMATs, is set such that the receiver will be initially in the far-field, is then scanned over a crack (near-field) and then reaches the far-field region on the other side of the crack. From the scan, several analyses are done in parallel; B-scan analysis (image analysis), and
Rayleigh wave peak-peak amplitude analysis in both the near (enhancement) and far-field (transmission) regions.
The B-scan analysis gives the position of the crack, along with an indication of whether the crack is in the near-90
• range or inclined to the surface.
For a near-90
• crack, the depth estimate can be done directly from C T , with characterisation using the 90 • depth calibration curve ( Figure 6 ). For inclined cracks, we first determine the orientation of the crack using the B-scan. If the B-scan indicates that the crack tip is facing the incoming Rayleigh wave (case (ii)), we can proceed directly to calculating F ER . However, if the Bscan indicates that the crack is inclined away from the Rayleigh wave travel direction, the sample is scanned in the opposite direction to meet the condition in case (ii). Automatic classification of B-scans using machine learning can speed up the classification process and reduce human dependence [24] .
The value of F ER is then used to estimate θ, and a correct depth calibration curve can be used to estimate the depth.
Testing on two unknown machined slots
The procedure has been tested on two machined slots of depths 4±0.2 mm The depths and angles of these defects were not measured prior to analysis.
The transmitter and receiver EMAT were scanned initially in one direction, with the scan distance measurement reset prior to scanning crack 2. B-scan analysis ( Figure 15 ) indicates that both cracks are angled-defects, with Crack 1 facing the direction of travel of the incident Rayleigh wave while Crack 2 is opposing. A second scan was made over Crack 2, moving in the opposite direction. Figure 16 shows the normalised Rayleigh wave amplitude plotted against scan distance for the cases when θ < 90
• . For Crack 1 (Figure 16(a) ), the enhancement has F E(IP ) = 3.20 and 
34
• from the magnitude of the enhancements. The depths of both cracks can therefore safely be estimated using the 45
• calibration, giving depths of 4.5 ± 0.6 mm for Crack 1 and 7.4 ± 0.9 mm for Crack 2. This shows an excellent agreement between the values measured using the procedure and using visual techniques.
Conclusions
Measurements of the in-plane and out-of-plane Rayleigh wave components confirm that the transmission of a Rayleigh wave underneath a surfacebreaking defect is affected by both the slot angle and depth. Therefore, the assumption that a surface crack can be simulated by a machined slot which propagates perpendicularly to the surface is not always accurate. In order to accurately characterise the slot depth using the transmission coefficients the inclination of the slot needs to be determined before an appropriate calibration curve can be selected. Image analysis of B-scans in the near-field indicates whether a slot is approximately normal or inclined to the surface, and provides information on the orientation of the slot relative to the direction of the Rayleigh wave. Calculation of the ratio of the enhancement factors of the in-plane to out-of-plane Rayleigh wave velocity components, F ER , can then be used to approximate the slot inclination. The technique described here has been tested on two machined slots. The results show a good agreement with measurements by eye and confirms the viability of this technique for characterising surface cracks.
A scanning system for online measurements will incorporate several re-ceive EMATs, giving both in-plane and out-of-plane measurements in a single scan, so that information from both can be acquired in parallel. Provided that a preliminary reference measurement is made over an clear section of the sample, analysis can be done during a scan to produce a real-time characterisation of surface cracks.
